The covariant density functional theory (CDFT) with a few number of parameters allows a very successful description of the properties of nuclei all over the nuclear chart. The recent progress on the application of the CDFT as well as its extensions for a series of interesting and hot topics in nuclear structure and nuclear astrophysics are summarized. In particular, the newly proposed point-coupling parametrization PC-PK1 and the application of the CDFT to the single particle level of the radioactive neutron-rich doubly magic nucleus 132 Sn, the deformed halo in nuclei, and the β decay life-time of neutron rich nuclei are discussed in details.
Introduction
In the past decades, the radioactive ion beams (RIB) have extended our knowledge of nuclear physics from the stable nuclei to the unstable nuclei far away from the stability line -the so-called "exotic nuclei". The investigation of exotic nuclei has attracted world-wide attention due to their large isospin values and intriguing properties, such as the halo phenomenon. Furthermore, the properties of exotic nuclei play essential roles in understanding the nucleosynthesis in the rapid neutron-capture process (r-process).
The density functional theory (DFT) is well known for its numerous applications to description of nuclear ground and excited states. In particular, the covariant version of DFT takes the Lorentz symmetry into account in a selfconsistent way. During the past years, the covariant DFT has received wide attention due to its successful description of lots of nuclear phenomena [1, 2] . In practical applications, there are two widely used models in the covariant density functional theory (CDFT) framework: the relativistic Hartree (RH) and relativistic Hartree-Fock (RHF) models. The former one is usually known as the relativistic mean field (RMF) model.
There exist a number of attractive features in the CDFT. The most obvious one is the natural inclusion of the spin degree of freedom and the resulting spin-orbit potential that emerges automatically with the empirical strength in a covariant way. The relativistic effects are responsible for the existence of approximate pseudospin symmetry [3] [4] [5] [6] in the nuclear single-particle spectra and spin symmetry in the anti-nucleon spectra [7] . The representations with large a e-mail: mengj@pku.edu.cn scalar and vector fields in nuclei, of the order of a few hundred MeV, provide more efficient descriptions than nonrelativistic approaches that hide these scales. Moreover, it is of particular importance that the CDFT includes nuclear magnetism [8] , i.e., a consistent description of currents and time-odd fields, which plays an important role in the nuclear rotations [9] [10] [11] [12] .
In the conference, we presented the recent progress in the application of the CDFT as well as its extensions by the group in Beijing for a series of interesting and hot topics in nuclear structure and nuclear astrophysics including -a newly developed point-coupling parametrization PC-PK1, which particularly improves the description for isospin dependence of the binding energy [13] ; -a description for the radioactive neutron-rich doubly magic nucleus 132 Sn, in particular, for the neutron singleparticle spectrum [14] ; -a deformed relativistic Hartree-Bogoliubov model in continuum in a Woods-Saxon basis, which aims at a proper description of exotic nuclei, in particular, deformed halo nuclei [15] ; -a study of β decay life-time of neutron rich nuclei based on self-consistent covariant quasiparticle random phase approximation [16] .
In this contribution, these topics will be discussed in details.
lected spherical nuclei and charge radii for 17 ones with the Levenberg-Marquardt method. Meanwhile, the empirical pairing gaps for 6 nuclei obtained with the five-point formula are also employed to constrain the pairing strengths. With the experimental observables and the calculated values, the ensemble of parameters can be obtained by minimizing the square deviation. More details for the fitting procedure and coupling constants of the parametrization PC-PK1 can be found in Ref. [13] .
As shown in Ref. [13] , binding energies and quadrupole deformations of the ground states of Yb and U isotopes are investigated. In the upper panels of figure 1 , the deviations of the calculated binding energies with PC-PK1 [13] , DD-PC1 [17] , and PC-F1 [18] from the data [19] are shown. When the rotational corrections are not taken into account, a systematic underestimation of the binding energies around 3 MeV for both Yb and U isotopes is found for PC-PK1. For PC-F1, however, the differences between the calculated and the observed binding energies decrease monotonically with the neutron numbers. Since almost all the isotopes shown in figure 1 are employed to adjust the parameters of DD-PC1, its predictions are in good agreement with the data (within 1 MeV).
After taking into account the rotational correction energies with the cranking approximation [20] , the calculated results with PC-PK1 reproduce the data quite well (within 1 MeV) for both Yb and U isotopes, while the differences between the corrected binding energies given by PC-F1 and data are still large. Since DD-PC1 is adjusted to the binding energies of well-deformed nuclei, the rotational correction energy is not considered in the corresponding calculations.
The calculated ground state deformations are shown in the lower panels of figure 1 in comparison with the data available [21] . It is found that PC-PK1 provides also good performance in the description of deformations as well as their corresponding evolutions with neutron number for both Yb and U isotopes.
For the nuclear matter, as in Ref. [13] , the saturation properties and the equation of states (EOS) were investigated in the CDFT with PC-PK1 and the results were compared with the corresponding empirical values as well as the predictions with other effective interactions. Here, we mainly focus on the nuclear matter incompressibility K 0 and the asymmetry term of nuclear incompressibility K τ .
The study of the nuclear matter incompressibility K 0 continues to be a hot topic in both the theoretical and experimental fields, since its value is one of the most fundamental quantity in determining the EOS of nuclear matter. The nuclear matter incompressibility K 0 cannot be directly measured, while the energy of isoscalar giant monopole resonance (ISGMR) which is related to the finite nucleus incompressibility K A can be determined experimentally. Moreover, the finite nucleus incompressibility K A can be expressed in terms of [22] 
where K τ is the asymmetry term which is associated with the neutron excess and is very crucial in the study of neutron stars.
In figure 2 , the values of nuclear matter incompressibility K 0 and the asymmetry term of nuclear incompressibility K τ for the 25 parameter sets in both the relativistic and non-relativistic density functional theories are shown. One could see that the predicted results with PC-PK1 are in very good agreement with the corresponding experiment constraints (see Ref. [23] and references therein).
Neutron single-particle spectrum in 132 Sn
The magic numbers is one of the most fundamental ingredients for understanding the nature of atomic nuclei. Recently, by using the 132 Sn(d, p) 133 Sn reaction, the experiment performed at Oak Ridge National Laboratory revealed for the first time that the spectroscopic factors of the neutron single-particle states 3p 1/2 , 3p 3/2 , 2 f 5/2 , and 2 f 7/2 outside the N = 82 core are consistent with S ≈ 1 [25] . This is one of the critical pieces of evidence to conclude that 132 Sn is a perfectly radioactive doubly magic nuclei, even better than the stable 208 Pb. In Ref. [14] , the CDFT is applied to investigate the properties of the radioactive neutron-rich doubly magic nucleus 132 Sn and the corresponding isotopes and isotones. In figure 3 , we show the neutron-effective single-particle energies (SPE) with respect to the orbital 2 f 7/2 in 132 Sn calculated by the RMF theory with PC-PK1 [13] , NL3* [26] , DD-ME2 [27] , PK1 [28] , and PKDD [28] in comparison with the data [25] and results calculated by the SkyrmeHartree-Fock theory with the typical effective interactions SkP [29] , SkM* [30] , BSK17 [31] , SLy4 [32] , and SIII [33] . In the present mean-field level, it is clearly shown that the overall structure of the neutron-effective SPE for such a neutron-rich doubly magic nucleus can be well reproduced in the relativistic framework, where both the spin-orbit and orbit-orbit potentials are described in a self consistent way. In contrast, the nonrelativistic results overestimate nearly twice the single-particle energy spacing between the orbitals 3p 3/2 and 2 f 7/2 , where the reduction of the orbit-orbit potential plays the most important role.
Furthermore, one can extract the Nilsson spin-orbit parameter C and orbit-orbit parameter D by fitting to the single-particle energies. As discussed in Ref. [14] , the RMF results agree quite well with the extracted Nilsson spinorbit parameter C and orbit-orbit parameter D from experimental SPE of 132 Sn, but remarkably differ from the traditional Nilsson parameters.
Deformed halo in nuclei
Halo is one of the most interesting exotic nuclear phenomena. There are many new features in the halo nuclei because of the extremely weakly binding properties. To give a proper theoretical description of the halo phenomena, it is crucial to treat properly the coupling between bound states and the continuum due to pairing correlations by either the finite range or the zero range pairing forces [34] and the very extended spatial density distributions. This can be achieved by solving, in the coordinate (r) space or equivalent basis, the non-relativistic HartreeFock-Bogoliubov (HFB) [29, 35] or the relativistic Hartree Bogoliubov (RHB) [36] [37] [38] [39] equations .
For the spherical nuclei, with the relativistic continuum Hartree Bogoliubov (RCHB) theory [40] in coordinate space, the halo in nucleus 11 Li has been reproduced Correlations between the nuclear matter incompressibility K 0 and the asymmetry term of nuclear incompressibility K τ for the 25 parameter sets in both the relativistic and non-relativistic density functional theories. Constraints for K 0 from the giant monopole resonance (GMR) data on 208 Pb and 90 Zr and for K τ from the isotopic dependence of the GMR in the even-A Sn isotopes [23] are represented by the shadow area. The calculated results are taken from Ref. [24] except for that with PC-PK1. quite well [36] and the giant halos in light and mediumheavy nuclei was predicted in Refs. [39, 41, 42] . Moreover, the RCHB theory has been generalized to treat the odd particle system [43] .
For deformed nuclei, on the other hand, the WoodsSaxon basis has been proposed in Ref. [44] to solve the deformed RHB equation with proper treatment for the asymptotic behavior of nuclear densities at large r. Over the past years, lots of efforts have been made to develop a deformed relativistic Hartree theory [45] and a deformed relativistic Hartree Bogoliubov theory in continuum (the DefRHBC theory) [46, 15, 47] . Recently, the DefRHBC theory has been further extended to treat the odd-A or odd-odd nuclei by including the blocking effect due to the odd nucleon(s) [48] and the density-dependent meson-nucleon couplings version [49] . Fig. 3 . Neutron-effective single-particle energies with respect to the orbital 2 f 7/2 in 132 Sn calculated by the RMF theory with effective interactions PC-PK1 [13] , NL3* [26] , DD-ME2 [27] , PK1 [28] , and PKDD [28] . The experimental data [25] and the results calculated by the Skyrme-Hartree-Fock theory with SkP [29] , SkM* [30] , BSK17 [31] , SLy4 [32] , and SIII [33] are also shown for comparison. The shaded areas indicate the area beyond the neutron threshold. Taken from Ref. [14] . Fig. 4 . Density distributions for the neutron halo (a) and the neutron core (b) for the ground state of 42 Mg. Here, the z axis is the symmetry axis. Taken from Ref. [47] .
The halo phenomenon in deformed nuclei has been investigated with the DefRHBC theory in Refs. [15, 47] . In some deformed neutron-rich nuclei, e.g., 42, 44 Mg, a decoupling of the halo orbitals from the deformation of the core has been predicted. Here, we present and discuss in details the results from the DefRHBC theory for the deformed neutron-rich and weakly bound nucleus 42 Mg [15, 47] .
Magnesium isotopes have been studied extensively in Refs. [15, 47] with the deformed relativistic Hartree Bogoliubov theory in continuum and the parameter sets NL3 [50] and PK1 [28] . In the calculations with the PK1, 42 Mg is predicted as the last bound nucleus in Mg isotopes [47] .
As discussed in Ref. [47] , the ground state of 42 Mg is well deformed with a quadrupole deformation β ≈ 0.41, and a very small two neutron separation energy S 2n ≈ 0.22 MeV. In the tail part, the neutron density extends more along the direction perpendicular to the symmetry axis. In figure 4 , the density distribution is decomposed into the contributions from the oblate "halo" and the prolate "core", respectively. The density distribution of this weakly bound nucleus has a very long tail in the direction perpendicular to the symmetry axis. As explained in Ref. [47] , this indicates that the prolate nucleus 42 Mg has an oblate halo and there is a decoupling between the deformations of the core and the halo.
In figure 5 , the single particle spectrum around the Fermi level for the ground state of 42 Mg is presented together with the good quantum numbers of each single particle state. Here, the occupation probabilities v 2 in the canonical basis which are of the BCS-form [51] are given by the length of the horizontal lines. The levels near the threshold are labeled by the number i according to their energies. Meanwhile, their good quantum number Ω π and the main spherical components are given at the right hand side.
The neutron Fermi level locates in the p f shell and most of the single particle levels nearby have negative parities. Since the chemical potential λ n is close to the continuum, orbitals above the threshold have noticeable occupations due to the pairing correlations. The single neutron levels of 42 Mg can be divided into two parts, the deeply bound levels (ε can < −2 MeV) corresponding to the "core", and the remaining weakly bound levels close to the threshold (ε can > −0.3 MeV) and the continuum corresponding to the "halo".
As explained in Refs. [15, 47] , the shape of the halo results from the intrinsic structure of the weakly bound and continuum orbitals. By examining the neutron density distribution, we could learn that the halo in 42 Mg is mainly formed by level 4 and level 5 composed of p and f components. Note that the angular distribution of |Y 10 (θ, ϕ)| 2 ∝ cos 2 θ with a projection of the orbital angular momentum on symmetry axis Λ = 0 is prolate and that of |Y 1±1 (θ, ϕ)| 2 ∝ sin 2 θ with Λ = 1 is oblate. It turns out that the Λ = 1 component dominates in level 4 (Ω π = 1/2 − ) and is the sole component in level 5. Therefore, the shape of the halo in 42 Mg is oblate and decouples from the corresponding prolate core. For odd particle system, the formation and the size of a halo depend strongly on the interplay among the odd-even effects, continuum and pairing effects, deformation effects, etc. The work on this topic is still in progress [52] .
Beta decay of neutron rich nuclei
Nuclear β decay plays an important role not only in nuclear physics, but also in astrophysics and particle physics. With the development of radioactive ion beam facilities, the measurements of nuclear β decay half-lives have achieved great progress in recent years, especially for nuclei with neutron numbers near N = 50 and N = 82 shell closures [19, 53, 54] . Recently, β decay half-lives of very neutron-rich nuclei from Kr to Tc isotopes with neutron number between N = 50 and N = 82 have been measured [55] .
Since majority of neutron-rich nuclei relevant to the rprocess are still out of the reach of experimental capabilities, theoretical predictions are mandatory for the r-process calculations. In the framework of CDFT, the quasiparticle random phase approximation (QRPA) was combined with the RHB model [56] and was employed to calculate the β decay half-lives of neutron-rich nuclei in the N = 50 and N = 82 regions [57, 58] .
Recently, a fully self-consistent proton-neutron QRPA based on the relativistic Hartree-Fock-Bogoliubov (RHFB) model is established [16] . With an isospin-dependent protonneutron pairing interaction, the RHFB+QRPA approach is employed to calculate the decay half-lives of neutron rich nuclei with 20 ≤ Z ≤ 50, covering the whole r-process path from N = 50 to N = 82. It is found that the RHFB+QRPA model well reproduces the experimental decay half-lives for neutron-rich nuclei, especially for the nuclei with calculated half-lives less than one second. The work on this topic is still in progress [16] .
Summary
In summary, the recent progress in the application of the CDFT as well as its extensions by the group in Beijing for a series of interesting and hot topics in nuclear structure and nuclear astrophysics are summarized. In particular, the newly proposed point-coupling parametrization PC-PK1 and the application of the CDFT to the single particle levels of the radioactive neutron-rich doubly magic nucleus 132 Sn, the deformed halo in nuclei, and the β decay life-time of neutron rich nuclei are discussed in details. It is found that PC-PK1 can provide very good descriptions for not only the finite nuclei but also the nuclear matter. Investigations have also been applied to the single-particle spectrum of the neutron-rich doubly magic nucleus 132 Sn. It is found that the RMF results agree quite well with the experimental single-particle spectrum in 132 Sn as well as the Nilsson spin-orbit parameter C and orbit-orbit parameter D thus extracted, but remarkably differ from the traditional Nilsson parameters. Moreover, the development of a deformed relativistic Hartree-Bogoliubov theory in continuum and the study of neutron halo in deformed nuclei 42 Mg is presented. Pronounced deformed neutron halos and a decoupling between the shapes of the core and the halo were predicted. Finally, a fully self-consistent protonneutron QRPA based on the RHFB model and its applications to the β decay life-time of neutron rich nuclei are briefly reported.
